Abstract. In this paper, the latest SCIAMACHY limb ozone scientific vertical profiles, namely the current V2.9 and the upcoming V3.0, are extensively compared with ozonesonde data from the World Ozone and Ultraviolet Radiation Data Centre (WOUDC) database. The comparisons are made on a global scale from 2003 to 2011, involving 61 sonde stations. The retrieval processors used to generate V2.9 and V3.0 data sets are briefly introduced. The comparisons are discussed in terms of vertical profiles and stratospheric partial columns. Our results indicate that the V2.9 ozone profile data between 20 and 30 km are in good agreement with ground-based measurements, with less than 5 % relative differences in the latitude range of 90 • S-40 • N (with the exception of the tropical Pacific region, where an overestimation of more than 10 % is observed), which corresponds to less than 5 DU partial-column differences. In the tropics the differences are within 3 %. However, this data set shows a significant underestimation northwards of 40 • N (up to ∼ 15 %). The newly developed V3.0 data set reduces this bias to below 10 % while maintaining a good agreement southwards of 40 • N with slightly increased relative differences of up to 5 % in the tropics.
Introduction
Stratospheric ozone is one of the most important trace gases in the atmosphere. It is well known as an absorber of UV radiation, thereby protecting the biosphere from being damaged by shortwave electromagnetic radiation, and it simultaneously plays a key role in determining the temperature structure of the atmosphere (Read, 1988) . Retrieving stratospheric ozone profiles with a high accuracy is not only important for stratospheric ozone studies but also a requirement for the establishment of a long-term essential climate variable data record. To achieve this goal, ground-based, balloon-borne, airborne and satellite instruments have been used to monitor ozone abundances in the atmosphere during the last decades. For satellite instruments, different observation techniques including solar/stellar occultation measurements (e.g., SAGE -Stratospheric Aerosol and Gas Experiment (McCormick et al., 1989) ; HALOE -Halogen Occultation Experiment (Russell et al., 1994) ; ACE -Atmospheric Chemistry Experiment (McElroy et al., 2007) ; GOMOSGlobal Ozone Monitoring by Occultation of Stars (Bertaux et al., 2010) ), limb scatter/emission measurements (e.g., MLS -Microwave Limb Sounder (Waters et al., 2006) ; MIPAS -Michelson Interferometer for Passive Atmospheric Sounding (Fischer et al., 2008) ; OSIRIS -Optical Spectrograph and InfraRed Imager System (Llewellyn et al., 2004) ) and nadir measurements (e.g., GOME/GOME2 -Global Ozone Monitoring Experiment Callies et al., 2000) ; OMI -Ozone Monitoring Instrument (Levelt et al., 2006) ; IASI -Infrared Atmospheric Sounding Interferometer (Clerbaux et al., 2009) ) are used (see, e.g., Sofieva et al., 2013; Hassler et al., 2014 , and references therein). The passive imaging spectrometer used in this study, SCIA-MACHY (SCanning Imaging Absorption spectroMeter for Atmospheric CartograpHY), provided vertical distributions of atmospheric trace gases by employing the limb-scattering measurement technique (Burrows et al., 1995; Bovensmann et al., 1999) .
In this paper we discuss the vertical ozone profiles retrieved from SCIAMACHY limb measurements at IUP Bremen (Institute of Environmental Physics, University of Bremen, Germany). The error budget typical for the limb ozone V2.5 data set was reported by Rahpoe et al. (2013) . Previous validation activities done by Mieruch et al. (2012) with respect to other satellite instruments showed an agreement of better than 10 % and often within 5 % between 20 and 50 km, with a high bias below 20 km explained by the presence of high convective clouds. Tegtmeier et al. (2013) performed an intercomparison of vertically resolved monthly zonal mean ozone climatologies from 18 limb-viewing satellite instruments operated between 1978 and 2010, including SCIA-MACHY observations. The agreement was quite good in the middle stratosphere, with maximum differences of up to 5 %. The climatologies derived from SCIAMACHY were found to show a positive bias of up to +10 % in the tropical and midlatitude upper stratosphere (5-1 hPa).
The current SCIAMACHY data set distributed by IUP Bremen is V2.9. Our comparisons (unpublished) of this data set to ozonesondes showed a severe underestimation of the ozone concentration in the northern high latitudes, with a systematic bias of up to ∼ 15 % between 15 and 30 km. The reason for that is believed to be the instrumental stray light occurring at small relative azimuth angles (sun is close to the instrument field of view) typical for the measurements at high northern latitudes. At these angles, for a 10:00-Equatorcrossing-time instrument at the descending node, the scattering of extraterrestrial solar radiation from the platform could most likely baffles into the instrument field of view, which influences the measurement results. To eliminate the observed negative bias, a new version of SCIAMACHY ozone limb data, V3.0, has been developed. As demonstrated by the validation with ozonesondes, significant improvements have been achieved.
Here, we present validation results comprising 10 years of SCIAMACHY limb data of versions V2.9 and V3.0 using globally distributed data from ozonesondes. The comparisons of SCIAMACHY V2.9 profiles with other satellite data sets have also been published recently (Rahpoe et al., 2015) . In this comparison, 61 ozonesonde stations from the WOUDC (World Ozone and Ultraviolet Radiation Data Centre) as well as SHADOZ (Southern Hemisphere ADditional OZonesondes) databases are involved, covering a wide latitude range from 82.5 • N to 70.6 • S (see Table 1 ). The validation includes vertical profile and stratospheric partial-column comparisons. In Sect. 2 the algorithms used and the limitations of both SCIAMACHY limb retrievals are discussed. The methodologies of the limb-sonde comparisons are presented in Sect. 3. In Sect. 4 the statistical analysis of the poleto-pole comparison results is shown, discussed and summarized.
SCIAMACHY limb ozone retrieval

SCIAMACHY instrument
The SCIAMACHY instrument operated from August 2002 to April 2012 on board the European satellite Envisat (Burrows et al., 1995; Bovensmann et al., 1999) . Envisat operated in a sun-synchronous, near-polar orbit with a local equatorial overpass time at around 10:00. at the descending node. SCIAMACHY was a passive spectrometer designed to measure radiances in eight spectral channels covering a wide range from 214 to 2384 nm with a moderate spectral resolution of 0.21-1.56 nm. The ozone retrieval algorithm employed in this study uses measurements in the Hartley and Chappuis absorption bands in SCIAMACHY special channels 1 (214-314 nm), 3 (392-605 nm) and 4 (598-790 nm).
SCIAMACHY performed observations in three viewing modes: nadir, limb and solar/lunar occultation. In limbviewing geometry, SCIAMACHY observed the atmosphere with the line of sight pointed tangentially to the Earth's surface, with a field of view of 110 km horizontally and 2.6 km vertically at the tangent point. A limb measurement sequence started from 3 km below the horizon (0 km after October 2010) and continued with a vertical scan up to around 93 km. At each tangent height, SCIAMACHY performed a horizontal scan with a total swath of about 960 km. The horizontal scan is typically read out into four measurements with different azimuth angles (only one measurement in channel 1). The tangent height step between the subsequent horizontal scans is around 3.3 km. The spatial resolution is typically 960 km × 400 km in channel 1 and 240 km × 400 km (across/along track) in all other channels (Gottwald and Bovensmann, 2011) . The relative azimuth angle between the instrument and the sun changes in the course of the orbit. In the high northern latitudes, the instrument measurement field of view faces the solar light with a small relative azimuth angle, while in the southern latitudes the sunlight comes from behind the instrument field of view and the relative azimuth angle is large (see Figs. 4.3 and 4.4 in Ernst, 2013) .
SCIAMACHY limb V2.9 retrieval algorithm
The current SCIAMACHY limb retrieval (V2.9) uses combined spectral information from the UV and visible spectral ranges to obtain vertical profiles of ozone (Flittner et al., 2000; Rohen et al., 2006) . As the first step, the limb spectral radiances are integrated in ±1 nm intervals around the central points. Then they are normalized with a limb measurement at an upper tangent height (often referred to as the reference tangent height): I n (λ, TH i ) = I (λ, TH i )/I (λ, TH ref ), with λ denoting wavelength and TH i the tangent height at the elevation step i. The normalization removes the solar Fraunhofer structures and reduces the influence of the lower atmosphere, e.g., due to multiple scattering and reflection from the sur- face. Furthermore, it provides a kind of self-calibration of the instrument since the instrument calibration parameters do not differ much for different tangent heights. In the visible spectral range, the so-called triplet method (Flittner et al., 2000) is used subsequently to minimize the influence of the broadband spectral features, e.g., Rayleigh and aerosol scattering. In this way the measurement vector, y, is obtained from the normalized radiances at 525, 589 and 675 nm as follows:
Note that the central wavelength was at 600 nm (center of the Chappuis band) in the original triplet method. It is moved to 589 nm because of large calibration uncertainties near the boundary of SCIAMACHY channel 3 related to the dichroic mirror.
In the UV spectral range the method described by Rohen et al. (2006) is used. The measurement vector, y, is obtained from the normalized limb radiance profiles at eight single wavelengths (264, 267.5, 273, 283, 286, 288, 290.5 , and 305 nm) with ±1 nm spectral integration (Sonkaew et al., 2009) . These wavelengths are chosen to avoid strong Fraunhofer lines and terrestrial airglow emissions. The SCIA-MACHY limb ozone profiles are then retrieved by using a nonlinear inversion scheme with the first-order Tikhonov regularization (Rozanov et al., 2011) . The relative change in the ozone concentrations with respect to a priori is retrieved. The forward modeling is done with the radiative transfer model SCIATRAN .
In the V2.9 retrieval, the ECSTRA (Extinction Coefficient for STRatospheric Aerosol; Fussen et al., 1999) aerosol database was used in the model; the surface albedo was from Matthews (1983) . The lowest and highest tangent heights used during the retrieval are around 12 and 71 km, respectively.
SCIAMACHY limb V3.0 retrieval algorithm
In V3.0 retrieval approach, the extraterrestrial solar spectrum measured once per orbit by the SCIAMACHY instrument is used instead of the reference tangent height to normalize the measured limb radiances. The differential structure of the ozone absorption signature in the short-wavelength wing of the Chappuis absorption band is exploited, and the DOAS technique (differential optical absorption spectroscopy; Platt, 1994 ) is employed to retrieve the ozone vertical profiles instead of the highly efficient triplet method. These two changes were carried out simultaneously because 1. the short-and long-wavelength wings of the Chappuis absorption band are measured in different spectral channels of the SCIAMACHY instrument (see Sect. 2.1), and usage of the whole Chappuis band in combination with the solar spectrum normalization requires a very high quality of the inter-channel calibration;
2. the signal-to-noise ratio (SNR) decreases with increasing tangent height. Normalization using reference tangent height at high altitude will reduce the SNR at the corresponding tangent height. Because of the large SNR caused by using the whole Chappuis band, the signal is sufficient when the reference tangent height is used. However, differential structure in channel 3 suffers from very low SNR, so this influence will be much larger when used without the solar normalization.
Differential limb spectra are obtained as
where I is the sun-normalized radiance and P n is a polynomial of order n (cubic in our case) in λ, whose coefficients are obtained by fitting the logarithms of the normalized limb radiance in the wavelength domain for each tangent height independently. A shift-and-squeeze correction as well as scaling factors for Ring and water vapor absorption spectra are determined at each tangent height. The shift-andsqueeze correction is done with respect to the limb-measured spectrum for both the modeled spectra and the measurement at the reference tangent height (Rozanov et al., 2005) . Since the ozone absorption signature from the shortwavelength differential absorption cross section structures of the Chappuis absorption band are weaker than the differences of the absorption between the three wavelength used in the triplet Chappuis band, the influence of weaker absorbers, namely NO 2 and O 4 , needs to be taken into account. The weighting function of the surface albedo is also included in the fit. The aerosol extinction coefficients retrieved from SCIAMACHY limb measurements (Ernst et al., 2012) are used in the forward model. The mathematical inversion then proceeds in a manner similar to that used in the V2.9 retrieval (Rozanov et al., 2007) . In the V3.0 retrieval approach, the full spectrum of the UV band (229-306) with a zero-order polynomial is used instead of the selected wavelengths as in V2.9. This however does not play any role in the comparison with the vertical profile of ozone from ozonesondes discussed in this paper as the information from the UV range does not have any significant influence on the retrieved ozone values below 30 km (influence above ∼ 35 km). The lowest and highest tangent heights used during this retrieval are around 8 and 65 km, respectively.
Limb ozone data
The IUP Bremen level 2 product provides ozone data as number densities in molecules per cubic centimeter and as volume mixing ratios in parts per million by volume (ppmv) vs. altitude within each measurement. The ECMWF operational pressure and temperature data are used to calculate the air density for converting the number density into mixing ratio.The product also contains the corresponding a priori ozone profiles as well as error estimates in both number density and volume mixing ratio representations. Cloud information is retrieved by using the SCODA (SCIAMACHY Cloud Detection Algorithm) database (Eichmann et al., 2011) and is provided as "cloud flag" in the data. In the V3.0 data product, the vertical resolution is added. The vertical resolution S i is calculated from the spread of the averaging kernels (Backus and Gilbert, 1970) as
where i represents the elevation step, Z is the altitude, and A ij refers to the corresponding element of the averaging kernel matrix. To perform the integration, the averaging kernels need to be resampled to a finer grid. In this study 20 sublayers are used. Although the vertical resolution is not included in the V2.9 data products, in this study we calculate it in the same way as for V3.0 for the purpose of data selection (see Sect. 3.1.2). Examples of the averaging kernels, measurement response and vertical resolution resulting from both V2.9 and V3.0 are given in Fig. 1 . As the retrieval is done at the measurement tangent heights, the averaging kernels for V3.0 reach a value of 1.0 at the maxima between 12 and 60 km. For V2.9 the value is around 0.3, which is due to the retrieval at finer grid (1 km) compared to the measurement grid (∼ 3 km). Measurement response is calculated by summing the elements of the corresponding averaging ker- nel. It describes how much information comes from the measurement. Measurement response indicates that 1. The retrieved profile is completely independent from the a priori information within the whole altitude range for V3.0 and above 12 km for V2.9.
2. Below 12 km, V2.9 may contain less information from the measurement and is more strongly affected by the a priori information compared to V3.0 (note that V3.0 uses measurement down to 8 km, while V2.9 stops at 12 km).
From the averaging kernels we observe the following: at the altitudes above 65 km profile information comes from the 60-70 km altitude range for both data sets; information below 12 km partially originates from the upper layers for both versions.
Validation methodologies
To validate the scientific ozone profiles retrieved from SCIAMACHY limb measurements, ozonesonde data from WOUDC stations are used. In order to select a reliable reference data set, only stations that have delivered more than 30 measurements between January 2003 and December 2012 are selected for the comparisons. Coincident SCIAMACHY limb profiles are selected for each ozonesonde profile. The geographic distance between the ozonesonde station and the footprint center of the collocated SCIAMACHY measurement is required to be within 5 • in latitude and 10 • in longitude. The time difference between ozonesonde and collocated SCIAMACHY measurements should not exceed 24 h. The coincident limb profiles having a solar zenith angle larger than 80 • are rejected. In general, an altitude range between 15 and 30 km is selected for the partial-column comparison (see Sect. 3.2) . This choice is motivated by larger uncertainties of the current limb retrievals below 15 km and increasing uncertainty in the ozonesonde data above 30 km. The latter is mostly caused by the decaying pump efficiency at lower pressures (Johnson et al., 2002) .
In the 61 ozonesonde stations that were used, 14 stations are from the tropics, 31 stations are from northern midlatitudes, 6 stations are from northern high latitudes, 6 stations are from southern midlatitudes and 4 stations are from southern high latitudes (see Table 1 ).
Vertical profiles
Convolution of ozonesonde data
Satellite data have a much coarser vertical resolution compared to the ozonesondes. To make a quantitative comparison, the ozonesonde data are degraded to the vertical resolution of the satellite data. To this end the a priori profiles and the rows of the averaging kernels from the SCIAMACHY retrieval are resampled to the vertical grid of the sonde data. The elements of the resampled a priori profiles and averaging kernel are denoted as A ij and X aj , respectively. The lowresolution ozonesonde profiles are obtained then as follows:
where i represents the satellite coarse grid, and j the fine grid of the ozonesonde; Z j is the altitude interval, i.e., a halfway distance between the layers above and below j .
Layer selection criteria
Two criteria were defined to screen proper vertical layers before the comparisons. Firstly, all averaging kernels used for the convolution (see Eq. 4) must not have nonzero elements above the maximum height of the corresponding ozonesonde measurement. Due to a coarser-altitude grid in V3.0, a wider vertical range is rejected when excluding one altitude level, which causes a different altitude range at the upper altitude in Fig. 2 . Secondly, all layers below the cloud top height, as detected by the SCODA algorithm, are rejected; altitude grid points where the resulting vertical resolution is lower than 6 km are also not considered. Since the vertical resolution is different between the two versions, some differences in altitude range are expected. V3.0 profiles are retrieved at the measurement grid, which varies depending on the location and time. To obtain a common altitude grid for the mean profile, all altitude levels which belong to a certain elevation step are averaged over the whole measurement time (January 2003-December 2011). Then each single profile is interpolated to the average altitude grid in each layer. At each layer the selected ozone profiles are averaged, denoted as C SCIA and C ref . The relative mean difference at each layer is calculated as
The corresponding standard deviation is given by
where k is the number of profiles included in the comparison and show the results for the ozone profiles for V2.9 on the left-hand side and for V3.0 on the right-hand side. In the left subpanels, the red and blue curves represent the ozone number densities with 1σ standard deviations for ozonesonde and SCIAMACHY limb data, respectively. The gray lines show a priori information used in the SCIAMACHY retrieval. In the right subpanels, the blue lines represent the relative mean differences of the ozone concentrations. The gray solid lines depict 1σ standard deviations. The numbers on the right denote the number of SCIAMACHY limb profiles used in the comparisons and the relative differences for each layer.
Partial-column comparisons
In addition to the vertical profile comparison, both SCIA-MACHY limb ozone data and original ozonesonde measurements are integrated and compared as the stratospheric partial ozone columns (hereafter SC). For each individual pair of SCIAMACHY-sonde profiles, the integration is started either from the first cloud-free level of SCIAMACHY limb data or from 15 km, whichever is higher, and ended at either the ozonesonde explosion position or at 30 km, whichever is lower.
where C strato refers to a individual SC, N (z) is the stratospheric ozone profile in number density units (mol cm −3 ), z i represents the altitude in kilometers and i is the layer index. 2) over the entire time period. At Nairobi, V2.9 agrees with ozonesonde results to within 3 % for most cases below 30 km. There are good agreements at Ankara, Lauder and Marambio with usually less than 5 % relative differences. The differences become larger at Lauder below 18 km. A negative bias shows up at Praha and becomes stronger at Eureka, which has a higher latitude (Fig. 2) . Furthermore, the relative differences at these latitudes exhibit vertical oscillations of about 3 % amplitude. The maxima of the relative differences are seen at around 22 and 28 km. The oscillations are most probably caused by the fact that the radiance profiles, sampled by the SCIAMACHY instrument at different tangent heights, are not exactly aligned vertically (Brinksma et al., 2006) . At these latitudes, the horizontal variations of the stratospheric ozone are usually stronger as compared to other latitudes, and thus the oscillations are more pronounced.
To give a global overview of the results, the altitudeversus-latitude cross sections of the relative differences for both versions are given in Fig. 3 . They are calculated by contouring the relative mean differences between SCIAMACHY limb data and correlative sonde data at all considered sonde stations (61 stations in total). In general, the current V2.9 data well reproduce the ozone vertical distribution by following the shapes of ozonesonde data at each station (upper panel of Fig. 3) . The relative differences between V2.9 and ozonesonde data are within 5 % between 20 and 30 km southward of 40 • N. The good agreement seen at Nairobi holds for most of the cases in the tropical region. One exception is seen around the ozone peak altitude (∼ 26 km) in the near-equatorial northern tropics. This overestimation can be clearly observed (see upper panel of Fig. 3 ) at Sepang Airport (Kuala Lumpur) and Hong Kong stations, with more than 10 % relative differences in the upper stratosphere (25-30 km). In the middle and high southern latitudes, V2.9 still represents the ozone vertical distribution very well by agreeing with ozonesonde data to within 5 %, which is consistent with the results of station Ankara, Lauder and Marambio in The vertical profile comparison results from upcoming V3.0 data sets are presented in the lower panel of Fig. 3 in the same way as for V2.9. In comparison to the current V2.9 data sets, V3.0 shows similar retrieval quality in most of the cases, with the exception of a slightly worse agreement at Nairobi (shown in the panel of Fig. 2) , while the overestimations over Southeast Asia (e.g., Kuala Lumpur, Hong Kong) in V2.9 are revised (Fig. 3) . It is seen clearly that the ozone concentrations at middle and high northern latitudes, e.g., Praha and Eureka, are captured more accurately in V3.0 than in V2.9. For example, at Eureka the relative differences are reduced from ∼ 13 to within 7.5 %. The vertical oscillations can still be observed but are much weaker. V3.0 agrees with ozonesonde within 10 % globally, with a significant improvement northwards of 40 • N (Fig. 3) . One exception remains below 18 km at southern high latitudes, where the relative differences vary strongly. The reasons for this issue are still under investigation.
Figures 4 and 5 show annual and seasonal relative differences for V2.9, respectively. The relative mean differences at all tropical (not shown in the paper) and midlatitude stations do not have much dependence on the year of measurements. However, the relative differences drift from year to year at high latitudes of both hemispheres (see Fig. 4 ). The statistics of the seasonal behavior is presented in Fig. 5 . No obvious seasonal influence can be identified in this comparison. Since V3.0 has similar seasonal and yearly behavior (apart from the reduced bias at Eureka and Praha) of the vertical profiles to that of V2.9, the results are not shown.
Partial-column comparison results for V2.9 and V3.0
Apart from vertical information, the limb partial columns are used for tropospheric ozone retrieval using the residual method (Ebojie et al., 2014) . Therefore, in addition to the vertical profile comparison, the results of partial-column comparisons are presented in Figs. 6-8. Figure 6 depicts the time series of ozonesonde data sets (red dots), SCIAMACHY data sets (green dots) and their differences (blue dots) at Nairobi and Eureka. The ozone amounts are represented as daily averaged SCs in DU. The left panels represent the current V2.9, while the right ones represents the upcoming V3.0. Figures 7-8 show the statistical results for the differences of SCs in DU between the ozonesonde and the SCIAMACHY data on a global scale. Figure 7 shows the global overview of the absolute and relative averaged daily differences, while Fig. 8 presents scatterplots of the absolute differences for latitude bins. Note that the absolute differences in Fig. 7 are calculated as the averages of the daily mean SCs differences, while in Fig. 8 each dot represents the absolute difference for a single collocation. Similar conclusions to those for the vertical profile comparisons can be drawn from the partial-column comparisons. For the V2.9 data set, the seasonal variations in the time series agree well with those from sonde data (left panels of Fig. 6 ). The drift of relative differences with time that is mentioned in Sect. 4.1 can be observed also in Fig. 6 at Eureka. So far there is no explanation about this drift. The agreement of daily mean differences is mostly within 5 DU southwards from 40 • N. The overestimation in Southeast Asia observed in Fig. 3 corresponds to ∼ 10 DU absolute differences as shown in Fig. 7 . A general overestimation in the Pacific Ocean can also be observed. In the northern middle and high latitudes, a rapid decrease in the quality of the V2.9 ozone data results in, e.g., a median difference of 22 DU (over 10 %) at Eureka. The underestimations are depicted by the purple and pink dots in Fig. 7 and amount to about ∼ 13 DU in Europe and Canada and more than 20 DU in the high northern latitudes.
For V3.0, the seasonal variations in the time series are in good agreement with those from sonde data; at Eureka a median difference in partial columns decreases by 16 DU to only 6 DU (right panel of Fig. 6 ). The improvement northwards of 40 • N changes the color in Fig. 7 from purple-pink to blue. V3.0 also improved the partial-column accuracy at most tropical stations (10 out of 12 stations with abundant measurements) with a remarkable ∼ 5 % improvement from more than 8 to within 4 % over the tropical Pacific region.
A global improvement can be observed in the statistical results for different latitude bins (Fig. 8) , illustrating better retrieval results for each single measurement. A striking improvement is seen in the high-latitude bin (60-90 • N). With an improved linear slope of 0.94 vs. 0.85 and smaller standard deviation of σ = 7.4 DU vs. 13.7 DU, the V3.0 data set exhibits a much better agreement with ozonesonde data at northern high latitudes. At the same time, the correlations at other latitude bins also become higher in varying degrees. A very strong improvement can be observed also in southern midlatitudes (Fig. 8) . Due to the relatively low and centered ozone partial column, a smaller correlation is obtained in the tropics for both versions.
Discussions
The reasons for the underestimation found in V2.9 data at higher latitudes can be identified by analyzing the left panel of Fig. 9 . The figure shows a comparison of ozone vertical profiles from SCIAMACHY V2.9 data (blue solid line) and from ozonesonde (black solid line) at Eureka for 22 March 2006. A clear underestimation of the peak value near 17 km is observed in V2.9 data. This is a typical behavior that explains the underestimation described above. As this artifact could not be reproduced in the synthetic retrievals, which include a full range of forward model parameters, it is most probably caused by instrumental issues. One possible explanation is a presence of an increased external stray light when performing limb measurements at large solar zenith angles and small azimuth angles. In this geometry, which is typical for SCIAMACHY observations at high northern latitudes, the extraterrestrial solar radiance is believed to be reflected by some part of Envisat into the field of view of the SCIAMACHY instrument.
The retrieval methodology used in the new V3.0 aims to reduce the underestimations in the northern high latitudes shown by V2.9. In the V3.0 retrieval processor, signals from different wavelengths are exploited (Sect. 2.3). The spectral window used in the visible region is narrower compared to V2.9. On the one hand it uses weaker absorption features of ozone, thus gaining less information from the spectra. On the other hand, by using the narrow spectral window and higher order of the closure polynomial the influence of the systematic errors is reduced. The right panel of Fig. 9 shows the comparison of ozone vertical profiles from SCIAMACHY limb V3.0 data with ozonesonde data presented in the same way as V2.9 results in the left panel. It is seen clearly that the ozone maximum at 17 km observed by the sonde is now captured properly by SCIAMACHY. Furthermore, the V3.0 data set also better reproduces the ozone maximum around 25 km in the tropics (not shown here), which corrects the overestimation in Southeast Asia as seen from both vertical and partial-column comparisons. General improvement in the Pacific and the South Atlantic Ocean regions can be observed in the partial-column comparisons (Fig. 7) . This may be partly due to the opposite sign of differences at different altitude. As shown in the sections above, the new V3.0 is a success in solving the underestimation of northern high latitudes.
Conclusions
SCIAMACHY limb ozone scientific data sets, namely the current V2.9 and the new V3.0, were extensively compared with ozonesonde measurements for the time period of 2003-2011, from 61 sonde stations. The two versions of SCIA-MACHY limb data use different retrieval processors. The main differences are that in visible spectral region V2.9 uses a reference tangent height and the triplet method, while V3.0 employs a solar spectrum as the reference and performs a DOAS type fit. There are also some changes in the UV band (Sects. 2.2 and 2.3); these however do not provide information at altitudes less than 30 km.
V2.9 agrees well with the ground-based data within a latitude range of 90 • S-40 • N. The relative differences between the two databases are within 5 % (SCIAMACHY is mostly overestimating) at 20-30 km. It shows very good retrieval results in the tropics, with a difference of less than 3 % vertically. The partial-column comparisons show less than 5 DU absolute differences with rather small standard deviation, with the exception of the tropical Pacific region, where an Comparison with all considered ozonesonde station data for the averaged daily differences in partial columns over the entire time period. The upper panels are the absolute differences; the lower panels are the relative differences. In each panel, the color of the dots depicts the mean difference/relative mean difference, while the size of the dots represents 1σ standard deviation. overestimation of more than 10 % is observed. These overestimations result from a significant positive bias above 25 km (so far there is no explanation for the reason behind this bias). In the northern high latitudes V2.9 shows an up to ∼ 15 % negative bias with observable vertical oscillations, which is believed to be the consequences of the increased external stray light. The ozone partial columns are underestimated by 12-20 DU.
The new V3.0 has been developed to reduce the underestimation in the northern high latitude identified in V2.9. As a result the differences are reduced to within 10 % for vertical profiles and 5-10 DU for partial columns northward of 40 • N. At the same time, the overestimation of the ozone profile concentrations around the tropical Pacific are eliminated. We show that V3.0 maintains the good retrieval results also southwards of 40 • N, with deviations slightly larger than 5 % in the tropics and within 10 % in the southern high latitude.
The Huggins band is believed to improve ozone retrieval accuracy between 30 and 45 km and will be included in V3.1 limb ozone retrieval.
